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(54) 



(57) [Sifi] (iEiE#) 

(1) 

a^f!Sa@£f^j5icL. (2) imm^»m^yX)\'\z'misa 

®±#S«l»iSSi&f^Jg5U (3) MBS*i»S2e2:a 

is®±#»***ja»® i mm 

#SiD>y;i.*KK-th>7';ncgigAT± 
E (1) ~ (3) mm^mvMtctizx-Drmmiy> 

mmt, 'prs.< 
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( 2 ) 



#l¥4-2 8 244 5 



mMmu 

s^tib-DX, ( 1 ) mmmmizuni^m^yfm 
( 2 ) m»mm 

aicro_b#fflfic«3{t 

i. ( 3 ) WHSKi^iBii ts»®±#ss*iia®® 1 
«sc®±#f 

aaf«»®ii>* < t fcsii®i:#fi«iiia»&fi^t-5 
2 gE@«fP«T SiiJi!if t*' 

•:fMz@m^x±«.mStm (D ~ (3) SritOJi-r;:: 

m->)->'/}i'^mmA^ zxaitmm^mm-r 

'>t£< 

f)K tE«®:Rss 

[Si«a4] J£ 

-t)->'y)vomm^z&m\zmtzt\z^-3x-^>-:f)i'<^m 

^^XSioX, (1) «*®'^-XffiiCiSVtS#»-tJ- 

>:/;v^-xf!»E«s#^‘r5-wa«i. ( 2 ) 
ft xXjhj:® jDf 5 t £#«>•. 

«»®*ft«M» c* >-/;v©«»c® ^ft 

o) 

»»:o*ft«s!S»B»® 1 mm 

mw<Dmmmm»<D'pfi< thwKD^t 

SMPi t ;0' S 73 : 5 X Rl &=t t T © :^i: ©Sift ®#;a < 1 1) 

i-:5®#«-y->'/;i'®#»E®s:*«-rsapii. #sa 
^j->-xjimm-^>xjuizmAx±mwmm (d ~ 
(3) s^DSfcici-^T. HSk-^y-xji'^imm 

R.z^m2mmmttX»i)->x‘jum 1 Ru^m2mssmtA^ 
tb 10(0 

-t-^>mmt, z0m &i±iESi«^#iic^^ 6,fsff-«i-** 
X 'p. L'fc^;cxsBffi^*^.iaT5a*i:**«-r 
£ r > i £ x'maj})£. 



2 

[«*«6] Ma®KK-y->7';i^ffc0X®&^ia-rs 
umx&ox. (1) mm&mzm^^m-^y-fim 
(2) «S&#S8lr 
y-fMzmM-r^ct^^^, mmLfcmw.0Mm\zi. 

?&®±#assiE®«<^sE-r%Bjai«i. o) «Ba 

< t tifj® 2 

«!S0d>»< tfe 1 

#M-t}->r/;n£Kit-y>:/;w=«iiAT± 
SBJa® (1) ~ (3) &»|i3Mfrfcft<fc-3T. 

■^>zniu»mm^±^-r^mmt. um>-fn-m 
Rzfm 2 mmmt^m^yzrrm i 2 
S ^jc * 4 :p B'Pf£<bhl O0itm»t:m^ 

20 

gii® jBMats EParT'S «>^mi£ao Ti«*i 

*^E|iiiirr5ii!|^^ 1 l£E«®XSI^fflm 

f)i, mwim^ziyiia.-pmmr^ni^m5\zmn<o^ 

fii, mwL^SiWKmmbfzmz^M^mfii\t:&<zt^ 

*®^fXS)5'60iJX&RBa«fta«^U<'5l«lSKT7 
it >X;u®^Bfc^»ftSf{-r i: ici o TiJ- 
)£ft3-e-5 c t 5 

«a&3>if:x-XMWr5it:^«6Ec;E«0^ 

Rg«fem;5r«. 

imiftm 1 2 ] a»® ^f^^-r^mm 

r t 6 izmm^m^tii-^m. 

x-^>zni'0mm\zMmizmtztiz£:-ox^>zrp^ 
^J^ftSitS - 1 6 !CE«®:Xfil«ffi;5 

m, 

»!5X ^#3f^&3>fcfzi";?Wr2.if^a7ftfiB«® 
M3S«15] 

±#fi*c*aLfcacfiit*tEft»w«s< :: 
5t? t 7 
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(3) 



#Sfl^4-2 8 2 44 5 



3 

im^m 1 7 ] 

■Tiimmt. #s6iJ->x'ju0«ffi®*aa:±#ssc* 

^IBS > ^)VmBm t-b^^U^A.-o o 

2t5j6ve.i>^<i:t)l::>0JtS'«#-r5)SSi:> Cl®it 
&*T©MBS»SS^f-&«^IHSfc*»-r5gSt. 
«#taS)55^S!l«:6> S »Ei|-«lia;*:a©^£ * Dmfc 
& ^fiSf ssa t s:*«i-r 5 r t tts 

i^s. 

SSStit-SSaS’&AWtSli^:® 1 7 lcE«Og*. 
[»««19] ifciE»)6'€.«A*(lff?£^55T5SSS 

8KIEIE0g«. 

m^m.2o\ ifcia»ssi«-r2>t!i!-. «IB®. s& 
gtciH 

«®s*, 

a:*fe-c3feor> (i) 

( 2 ) mm 

«ife®±^a 

^fpfiE-r-seiaPii:. o) wHs*-tf— 
ic0±#fi«+}— ^ i?^97® 1 

S«:0±#a*'9— €i79X®>*: 

< t %»J®±#fiSl)— ^i'9XSrS#-r-5#^1J->:/ 

;i.m 2 s®ei; £fpjs-r* cm i au :» 2 ©niastt^ 

^ mmmmr i^oas© wa^-^ jc:6> s 

1 o®#SS-9->'/;i'®#«)E®£4*£t-?.ai»t. #39 

(d ~ 

(3) sjiOE-r-tltioT. 47 

ss.o:M2ME®s*^iE-r?.a»t. 

Rt;m 2 1 2 

Sa-5 4C)®^Bg:4'e.. ^l>;/5:< tt) l::'®^»3®rto 
ifc 1 t3®it 

ia®&ii»-f?>fa»t, so^s^tc^-rs 

¥1^3 > h 7X h ct ife 1 3® 

,^v*zf2 2] 



fcia«®5?K«ia;&fc 

[M:^3B2 3] «|&®i#S«-!t-€i77 7S:fl5^-r 

5®ja5iA«« 

[M*«2 4] 

Pt*ts JEe«l;7Jxigi'6®:^fx£,^BaJEK(S{i^L.t'i|| 
^SS-?D->7’;l'®fflHl’iiailr9IE-r r i C j: -3 T-y > 
ifcia 

no'K^mn:^m. 

[If*^2 5] SS®K^>7JH^®:>:B5&Mtfi'r 

^:^mx&r3x. <i) saMa®-^“Xflic*^ts#is 

y > 7^;i/0 -x-x y— ^ y 7 7 5 giJSPi t. 

(2) 

msc.<D^{i:ammmiz^n^»m^>-:f)v 
®«»®*ft;«y-^y77&#fii-r 4Sjai«t. 
(3) ^-xay”^y77i«»®±#«y-ti'9 
7017i:3!i'6#iy>77!.®lME»«f^{«U 
® ±#fity-^i79 7®^1>;^ < i fefj® ±#«y-« i' 
7 7 «i3^-r *#iy 2 se» t 2 . 

a? (»l&t;»2®ieiBett&-!rS*M»TWF*30«S 
®iii«i!7-5'/icd>5*5) 

LTv»5:^^»ia®4>/5;< i ■70#sgy>y7i^®#fla 
#3ay>yji/£Kay>7';i/K 
s«iAT±Eeia® (1) ~ (3) saosrciicj; 
7-c, ti»y>7'jp*i^ia«3iiy:«2MES&*^t 
5a»t> #isy>y;viiia!^®2MiH»tttiiy> 
y;i/B isr;»2^taais^6iftS4y0^Eaj)'?>. 
^i>a< t fe 1 

tt>i7®jtK»s»a-r-5®i«i:, '> 
fS.< t%) l70K«3nfcitl2SS:^tJa^l2»€?g® 

f5s®fc. a-^tsiiiOJ. mm^i^izM-r^w-mziyh 
9X hi; D^K«)ir±«V»^7j:< ife 1 ^©(BflLfca 
«S;rr-5i^irJjR5}t»&*5E-r5.ei!ii:§A«-r-5 c 

CiSift® 2 6 3 fi*®K»y > 7;n#3®^^RS s^ta-r 
2.7r»r*7T. (1) SfflajEic*tt5#By>yjv 
( 2 ) ® 

JES#Ky>7’7hi;:Ri»-r5;ii&^a-. 
®«BEfci:-3Tftlfi$n±#L-fcS-aSi’;fett2«#R8y 
>y;h®«»0±#a*y-ty7 7«f^«y5ii!s 
»> atJf (3) «HS«y-yy77i;S^®±#sai 
y-^ i777® 1 7tii>s#Bgy>y;h» 1 

^u «?sc®±#a«y-^y77®a>7j:< tt>3ij®± 

#s*y-^ y 7 7 s a#-r « #3sy > y;ni 2 sfait 

Sft^^-r-5 (®l&r;m2®*£St4#^H#MiSTU 

5!ClSI£;tLTV>;feti|«ift04>tt< ife 1 7)®#SSy>7' 

)UD»mm»^miLtimmt. #«y>y;h&KKy 
>yjhc«si7.T±c«a» (1) ~ (3) sasoiiy 
5<j :i>s-i;7T. tt*y>>OK».e«t*«ya«» 



(4) 



- 2 8 2 4 4 5 



i 1 mm 2 mm» t ^n-y- > -:fjm 
th 1 

t^'i>fs.< '}>u<t 
h 1 «& 

1 'j<Dmmbrzmm^-rmiziK 
[«3S«2 7] lo 

[sf:t«2 8] 

wmmK 5 

' 2 5 \zmmmwLm-m. 

s«. w 

mr'^>-:f}v<r)mmznm\zmtztiz^ox-<i->zr)\. 

Ism. 

[|f:*«3 U 

mmiommm. 

[It^«3 2] a«C©±#S*t>— ^i^97S:t^fiEf 

Sfi< i: i£^tJll^«2 6 fcE«©^RS^^ffl;&S. 

[if«^3 3] nfflisf-y— «i^97^fpj«-r59ig: 

&mx-^>:^)i'<Dmmiz^mzmtztizj:^ris>-f 
;i/=£WfflS*i;:SS-fe3'tt«>^i:&^tf»^a2 6 teffi 

[»^:®3 4] m»0±»mX->)—xyyy^f^^t 

6smmit. §«3m^=i>ti-^w»t-5ir^a2 7 

[»#a3 5] mm<D±wmxs)—xifyymsJi-r 
5 sijsPSiiJ, fcfua L tmzim^&mm * 

s< :: is-tt?if««2 7 

SP»^t. ffitt;y7S;«^e.©:yx§Hffla*tsa^UVi 
-y- > 7';l^©«H C,mji K»T 3 i S:#tf «JR 

«2 7 

[ifjft«3 7] ms,omm-*s>y/yf*s<Dxm&m6^iz 
mmTSMsnyr, xm&Wbrvi^^imms)->y 
r,®i?as*s.t;fc#fi*icfe!t3#^i-iii^t. iSK-y- 

•rrx SS 

- 0 ^ ■-~/n.si^:B^iM:mJ±^miXizi3ifi,mm so 



6 

ttP.l4>7’;U©HB 

S*S;iy:±#SAC45ttSB«!5'&MK-9->7’Jl.ME® 

3®Jtffi»&^Tfflsl2 
h7X h J: 

z t mmtrimm. 

[«««3 8] ttE«S:3®PLT?tfiWa^^li}tSt 

Tizmmmm. 

fcA*TS«««3 8KE«©^«. 

[«:S«4 0] itE&&SS«1-5WK, 

7. t&!illES£WMa-r5ilSS:fe«:«-r?)ilS^« 
3 9 i:;IE«®gS. 

mmosumssimm] 

[0 0 0 1 ] 

[a«±©wffl^4»] «s^&«s-r5SS. 

[0 0 0 2] 

omtifd^m^^miz^Et^ z t c«jgii#®ii'C';6s 
«s-3T3fcTv>-5. ai%. ^Bisa^iWcs-oraer 
• 5 , : 7 * 

S{C^-r-S--7r;6t#ftbTt^-5. 

[0 0 0 31 iiE^p3ne©^sss'%^-r5-*-Siu 
-c. ^~=^:^yy-s mstm) *3;K3»SWT*^ffig** 
©-ct'5. ®S(Cfe#UT*5»3i: 

“fi” ©ssifcitt? “»<”. sair^v^Tis. zco 
“fi" i4#^i-i»i:LTWsna«BrtK*D< niartt 
^57:t*ir«4j;V». ^t®«®<fc'5it. S5S-T?«|!!I^ 
tt^AS<fc5CJt.5. C®#tti£ffifflUT. 

TS-5. ^'7^'>®a®ga»[5rnt), ;:©aaa»€^ 
®«B(^©a*&«-raM*&tt*9“iB«c««T5 
3©SHS “ij— -7JW;<-'7 v" 
r;. ^^m.^sfioi^-sju^^mmzmmhxiK.m^f'^ 
■i x(Dmmt:mwx^i. 

40 [0 0 0 4] »ia®iP!^*©7t5'-> mxiimnse 

»©/'?4'-» *5, itftX®!Cj;oT]^»5n^§53i; 

}4fiv>M»e.nTv^fc*5. ^^com0^zmmamM&^ 

mSiizmmti Z ASi. 

A-f#-9^#|#:|ll?§K45V5T. m<Sim»«f 
ifyy-{) mwtt9:m^mmti(o\z. «=F®®^3n 
H,»®^».!c«-^-cafe-3*:. 

[0 0 0 5] ^-7 

*'®Ma©^l>/^< it; l"0*!&SCt!#:©ffl*£±J?3 

SitttLT. Mr>6iE#ttfe©t»*L, :R»Cgi» 
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(5) 



^m¥4-2 82445 



[0 0 0 6] znf,oummm^m<n i 

zcosmizm^rn, 

g-r«ffliEM7Wd'e.*«iB®£A^L. ns®*a 
Kii1}- > 7 JV* ' ^ A# L &««[® 
■»75i6.gLgi<. ^l®@W4, IE^'VS5Zi:i!>S^6 

p%® ARSs^f tt sm^»-si8Jaa-ii-s ztrs^. 

mu. 1989^ 3M®IEST A 
NDMEASUREMHNTfORLD ®100 . Ill . 112 Mt*ff«® C. 
G.Masi (Z>ik:S: rpiodiiig Board FaultsWlth Tlieriiai Ib 
agingj &#Bianfct->. @i®s«tgit-csjEanT 

br (0JAH. MM±^&2 2’ c) wi&ans. 

[0 0 0 7] zn&(7>miz»brm»wn)—^i^9 
7-fC®fflanTVisa*a*tt, ms^ shotest a 
ND MEASUREMENT 1T0RlD[Cia«®C.G.Masi®!ftji: Tlhat C 
an Thernal Imagiag Do For You 7J fc56'^6tT.TV^-5 
±5fc. SaSE«iSlf'k-ASl^J58^4o!gtftllPfRi(i>^®ll 
b:6^b. a 

n 6 an&!»3E[t®s^ts i 3 

Msa(cfe3iMT?g4 c i(4«ar*5. 

[0 0 0 8] H«M#CJ:^!»3EYt:®Eatt. SiARSSS 
ia®itSft:^<, so 

ivomticfi'cYv^TVis. fin's, Ka®«ARSSia 
(-9-77JW ®U— (fcKttU- 
>7JW 01J— * (%Lfc 
ni4) ;ii;S:«#LTV>5®-CfeS. SK4 

A RS-y- > 7J1/01#— ^ 7 A fc tt® ;^-6 -s— t A S 

SS*-r^.1?*.53Ci:&M#LTl»4. 

>7X7- h7>7XAiia®fiS®J;5;5:«^®^ifa 
Kt]a. a«ft^B#0^i9®filS!j£^fdcji€Aj::0'o 
fc, *ARI (iE«) ■a->7ll^®»?^®i4e,:p«i5i5. »> 
a A S5 € l-f S -y- > *1- 5 S & 6 

A 0 Sii3> t Air < a D #5 7 c 

«®H#M#S«!cA5:i®J;3aARS® 
^BTtiTtt&l'KLTfc, ffll[aSL.»e)Tl<5 
fc. 

[0 0 0 9] 

•'*bs,r«91 ^^woewtt. BIS«»-9— S^7X 
/ rsjM^rr^-f #.«-ti>'7/i^©u-— s 5<j 



8 

i^77t, ARSSaLTV^5i:#ASn?.KKlt>7l!^ 
0i4-ti^7 7t®MS. AR§iCtt5Sfi^?>ta'Ai:#Af, 
nsMicMbTKM't?. H tifim.-^ L0. 

[0 0 10] ft-r. ^RTcfesct^jaen 

T^sKSrssFSa ( ) k. A'©th- 
Mffictss^-y-A^iHr iiiBans 2 
#fl«c5^-r5-y— s 5T97^ 7X«SKH«#rts.na 
^IS0Jt®^»5aiCJ:7T, ARSC^LTAOiSgi: 
a»Ur^3i^-e#*t03^i6K$':y0Tl.i5. n;--? 
io mmr^ “mmsk" a-5»B. sa®A>7;Kcii«a 
n^R#, ^»B£>TLfej»TKa< 

>7ll'«®^Sbfc^-XK;l/ (SL<B¥«) -a— 

[0 0 11] #ffiiJ->7Al^<!:«»'y'>7;ktfc:M«-r«. 
4:3o^iE»*f^^an. AtiS:6’Si{>a< tfei7o 

S^IES^s^eEanS. r®«-&ISS*tY^)lL-feffli«i5 
8E«'WcaAa{i^£ii;fc«#BASi}ga^jj<i^an 
20 Cl®Af(S«^ffl®fc*®«5!M-*S|!KMLTtt^^-r 

5. 

[0 0 12] rs^jtrs^ifis (TR 

A) j ^^WB. #fi8'y->7JVi;Ki>-y-> 

7ji't)5^e.#&as:®)RMf3S3'6r^a< ife 1 ■7 ®jk 
'>a<i:fe l-70^1fc/YA->*^ 

n60-3->7ll^BH-»dii*B®ii®]i<6('y'>7;i^-C 
AnSSr “#«'y->7;l^'’ 

;r 

[0 0 13] 4:ssH^ossaif#fiBa:nB, aiaana 
7/^ x®a»-s->7;m®Asssr^ti}-rsAfe?5»*i« 
an, *AflfeB, ( 1 ) ''<-x«*ft«a!cnB^>#fis-y' 
>7’;i^®-'^-XjfeE®Sf^^'rs9Jai«i:, (2) 
xffl)«'S^[t;a'a'fcfi®!ftm«s#fig+»'>7;nc4A5 

oiiscc^ffciiReiBgsf^^-raiiTOt. <3) 
XffifsE® t «Sfi0*Ybe^«IB«0 1 i*' 1 SI2 

St, i>a<tfeS'j®«»®*[b«!iiia«^?M*LTt> 
a.^2Hffi»*fP)*'r4 (BlS.ySI2^B»B#-<?H 
4? sMarL'4’i^®?«»®x-A^?5'sas) »ja«t. 
^^sao, 7/'«•1’x®^>a< tsit3®#fl0-y->7;i/B 
B8T-5#MieS&«*-r5SPtc, #fi0'y->7ll'SKI^ 
■a->7lKT®MATiiafg (1) - (3) SliOilTt 
t B A o Tttl^-tf > 71V0«I^I3S S 9felS A S aps t . 
mm^>'f)i'<D^iRnm2^m»t. ^sa-y-A^.v® 
^ 1 SD:® 2 3test;a^ 6*5 4 70^13®^^ 6 < 

tfel'7®tt;ESASl«'r5aPii:. 'ptiKbhlzxD 

6«if-WK*Aas*«:4 btim 
#, A»***A«-r5aift*«iiT5. 
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( 6 ) 
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[0 0 14] 

-y— t 7 

»j. 

lRZSm2omm(0ni£Thr). 
v7ttMHas+}--^i'7 7T**?.. i‘mm\mm\y 

mm*mtmini> z. t t>a&s-7x+>i^sy7 

&i;D3jf.yh 

mz-tyi V ^^zfx hl—h *75:l±ffl«lilSSffi±K 
m f) t>it €. nfc/1 y 4 t- 7 a 

[0 0 15] *^fflOgi|®S^iiWK:feVsTfi. 

B. SffltrBfe<^^M&iEfta-&«:«)ET*S. fc 

0KS. 

®TTtt»-rsoT*nB, CffiS^iSMB#lr«fJ-rafE. 

A :: i C i 

aetn?»-5. 

[0 0 16] Jfc^g^OitaB, -9— ^i^77«B4iiir 
ts^TotyjBffissns. «assss^v^Si*®« 

#. «fflans 17>®$3iti:LT7''i-7DiSjfi:*t&^A 

c®J:5(c-rtaBi!;ne.om ±0 
£[T 

L/V^HiffiW^£SJ0^r 

il®l8a«*'e.^S!9e®Ma?5^l^eica«sni: 

5 . 

[0 0 17] 

[S^JtW] 0 1 75S0 5 Bfif A LV^;5r|S®^»J®St[n0^ 
^Rf, m^comjii0mmii->'XJu<DW 

HAMJi 

SIS0ffi#S]T«-r5. SStS^MAoTT 

«®-9->7';l.©ln*!®Jt?5J-«-r*5 r i&SOSli: LT 

ft-rn«, '>7£ < t fe 1 7i®jR*)*BMUT^S}sti^. 
ii^'e.Tnfc]a««Pij<^6n«cit*s«^an, ^vr 
mmzzc:)MwmKixsyrc. zinn. 49 

mmr i"ff*3onsy'-^.^izmfi,^io^>y'ji'0m 
ift®jts»ba-a-. i£-oT^»®5?«s, ^^sgMa«^. 

[0 0 18] Rl--!t>7';i^*'6. *fctt#li'9->7">!Va 
e-H^s® 2 7)0T K 0 ifc*«^#$ 
n?.>. ii?'»*ttBfr^?san5. 

XZX'tiZ #®,+^>7’ASt;a»-*r>7'Jl/ 

'%TI ttffl2^©H*a® 



10 

7P-f S#trA#-|B»B®^an2.. WABSIft®## 
«#-S]gJ®t--5fca6iC. S?[£«iJtE&S:^#L. -rf5 
0itEil®JtS5cc>T2PiE«aS*:/n 7 7 61 

^RBT* Stans. 

[0 0 19] afi-att. 2-70®0««j5t*^WKJ:S 
TRAKAffiTfSsatd^^j&sn-aiS. SIO0. ^ 
U->7';Vti^TSfc»®Affi 
£*^ba-&s (ftsi«Ktt-t}->:/;i^B}B«3nTViSS 
atriss. -9->7’;i/tt»* 

a&-3T’bJ;H. •^}•>7^1^B^±B«^Wfctt»■fSat»< 
tra, s&fctm«#f0^'-f5>i:^«iBtw*W*-t? 
*s;ia;6 B^aanstt#0^^;^->5 3. u—>3 7fc 
ioTitJfJfsrt'bras. »WK«tt'>5 

3.V— >3>iJins»S4*t0#^#sffiaf^« (Bpajz 
53 . k-’>3 >4>BASIt J:-3TaAWIgr;l^->^>5^6i^ 
iirrsy7f'7XT(::<fcS«if]S0®®) ^£#PS^TS. u 
20 «0'>5 3U-'>3>01iB. ^M\Z, 2'7®V7h'7 
xr JU-55>SfcB7 D y D ')/ i'fSfPB J; 

•3TAAansjDift]a*i:fei¥a-tts. ^mzzomo 
a»BmC'9->7^1V®ftf^S->3 3 1-“ I'TS J: 5 KSJ 
gfrsstsiT#, Sfcu->y;Hi&STti0«^0 
j^Sli^lfXhI/X0^l^«: (#fJ*OS«Ttt^C<At 
L-T^il^^mS*ASatBj;oT) J'Sal^-M-S 
CtaATtS. 

[0 0 2 0] »ft®ii?as«fARi-9->:/;nfl(ca6ns 
j»IE»iB, ■9->:X;i'e#®S!jSai;^tf-^A^^75tAt7j:lS 
50 ar^s. aT®*S0«-a-. ao^ssBRunAaft^^t 
TSi»».o:#«»®w®«tj0«5i-S:AL, tfcBWnans 
KWiWAKfeasans. ^fflS«;i5'6®S*±#0* 
B. (««iI?S0A#a^0/ty^-'7 

>7'BgHl-S) B«»CJ*CT1-S. a®/?y^r-'7> 
i/B®K#Bg^fc:L#Sfe0T»S*^. i1-®*lJi!®lilSc 
TB)S:v>. t^oTAjuans-csfesst^aansfi® 
±#B. 

0CtoM»?*O. ^1-«MlcBEPlB«ffit»ie5#!l* (SP 

t.'jyh<yx7) i0M»?*.s. 

[0 0 2 1] A8BB«^U->X;l'0l*«Stt#lja®SEft 
tUTiE§|-rs=:t^5-ets*«, ®!?0H«M#^'t?B 
a«0^«i;5s6A9J-rsCtBffljKT*S. 27i®fi« 
±ff«0Jt&®St»R°B®#eia'9-'f >, IPaS(fpraB 
i75 0i[*t#sns;itB< tfeiE®-9 — ^t'7 7xS» 
-cBa«anTv»7it^. a*b. ^i-ii*»0B8®ct7is 

as) linai^i&fe^rLTVis. WAtf. «t 60 ^gf® 

jr#tl>%'t- 0 #»»ffittBa#BiaU#*i»M«Sr» 
LT*S3, «»«i§cfcBA<aas. feL27)0aas« 

50 ffiT«**l4>-7‘li^{r6ia]L.T»i«L. *.«f!0|f?t® 
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■^n^2oos.mi^ (1) 9»«E0it®igi& otro 
a*, flUa(iOfc^L<fj:Vi) t L-T^Sn «.#*!» 

sat, &lf (2) 

[0 0 2 2 ] 

^n.5, ^yxm-ns.<ii^m^y-:f)vmstmf&y-:r lo 
«TCrai-«J:'5C^)5:<i:fcl:3®Jt 

®«!c#r%?it75S«»l»-r-&Ct:*iT#S, etTfcSc 
#Wfc5%■r<fc5icL.Tc:^^salff■r«i;, 

P = EXI (E) 

AT = Cp XEX I (E) 



12 

*^&<om\z%-t^i&.ow^<Dmt±x (affi0§*ic88 
f5«SA.fc) asnswii. #«■*}•>•/ 

)]^tu.ik^>':nvtifi^n^(!i 

(Big, nibtli>rux^(l} 
mimm-in-ttmmhi>. 

[0 0 2 3] m»#r0fcS6C2 
fflT5*^«itJ:5±a0®S&a[Tfct:^«i::K?9-r 
5. -9->:/JV0MBS®i'5®fflar±#AT», «*« 
St (Pd ) t, D->:/;i.0/1-yy— >->5'StXh-hi^ 

>=^=>i^irsg«:5tt6n«:ssc (cp ) tomt^mx 

*«.. fip^ 

AT=T (E) -Ta =Cp XPd (E) , 

fiUTa ttHHiss, T (E) 'tmunsniz^i-ox^ 

[0 0 24] 

( 1 ) 

(2) 



I (E) =E/R (E) (3) 

AT = Cp XE**2/R (E) (* STfmX) (4) 

(«S$) G(CB^T|f5.^'S. 

AT = Cp XE**2XG (E) (5) 

G (E) =0XE**ffl (6) 

AT = Cp XE**2XSxE**a (7) 

z<Dm%\tci<ooii^i 3 <Dmm<Dmmzmw-f^mm\zt^ C0025] H«&2o®BjEu-^;>t«?)> 
wmxm. ^ G®JE^JtT2:l 



T2:l = (AT2 /ATI ) 

= (Cp XE2 **2X8XE2 **a) / 

(Cp XEl **2X/3 xE 1 **a) (8) 

T2:l = (E2 /El ) * 2 X (E2 /El ) =♦ # a (9) 

C^.iiST^^FSJieRKMiSnTVi-S, ★Trar^o. 

[0 0 2 6] -r*. znscoitaitt^m^t. 

Tts 2:1/Tfs 2:1= (E2 /El ) ♦* (ats-ars) (10) 

ip-s, mmmst, (>im&ifimm ☆jc-pt, c®j><a 

-3*13. -/Att, 

tt. ofts:S»arsfct¥b<*Vs«'a-t (-Jl§fi9!’»a54^ 0 

t^L.<av^«'a-lCttatsttarsK^L<S:t^> x-/ *l]*KBI!ll«?a:<. TRAO-iK«7j;a 

M.o7i'^\ztfm^zt\zu:b. sisfi5«a7tcs:-r. 



hiftiii. iteSWlca-5. c®J;3fc/J'SV>;<)5WSfc 

cna#ss#3«:RS® 

[0 0 2 7] sfc, saav^h-^ 

XT$*Afct!. 

(A/B) / <C/D) =1 
A/B = C/D, **ttA/C = B/D 

3nettw/>/7!/®Ti , Ti mfT2 s«sl> so a«*»r**fr-ts 



[0 0 2 8] 2P)©««KfS«LTa!tSn*ffl«§T 
1 &rXT2T^L-Ta5«. S0Hffla,SaTa 
B-S[fir©2P)0lS:>:SSD->/3>©l&^iCtt, 2 750f| 
i!fc<i;5a*0itii. l*^&tKSte^M®#!^T#Sair 
>/Jl'2:aBU->-/;ki;0PflT#Ll^. ±a!©]^¥«® 
RZfm7tMb. 



( 11 ) 
(1 2 ) 
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) . 

CO 0 2 9] (A, 

B, cAzfD) 

(f) ajtzmzm 

04 koj ; 3 k > 

: 3 ® Sfc ! 3 : Wtl ; 5 ' ffil » W * ffi | l ! ai ? fe 5 t tt 

m&xh^, 

CO 0 3 0] 3 6)^S«#fSii£ffL.i&< tfe. 3:3®Jt 10 
(^fef=* (12) 

(11) K<fc-3T^itSnTVi5i;3trS-x- 
±^®J:3fcL* 

C=DXA/B 
C' =C + F 

F = C' -C = C' -DXA/B 

iC (1 5) (4, ^ (1 1) ffl#<®jfim»^«l®l 

[0 0 3 2) S (1 1) 20 

(15) f4. TRASv 

3iwe»5. TRA®iJ®;6-feT»5jft©)gl4, ^®g 
fe i: t T#^D- > :/)!' i; ttli it > T-lPOit SS 

l ' 30 ifcfc *( 4 « 3 Si 6 iiJ (' SI :«<*. 5 . ffl 

[0 0 3 3] ±iiL.fc»«f«TRA®¥fifi3SBJF,3j>lC 30 
LT45I3. TRAfi(^1.1?(4|i^SSnft}6'-DfcW«[*I®# 
<<DT-^y7t'\' (Alifigft) 
RA;S<(SlSS:iS6fe-r5®*>&*LTl'i®. ^ (10) StX 
(11) *'6. 0;Rg*s#ftL/^5;^'«•&C^4. ilgLfcitt 

m%t:»\(Dmr^-rzttxti. ^( 15 ) (4. moz 
m\ztm-ri>m^ 1 Tn4?i< otfs-^i:^ izmmmzm 

r®)g(4, 

MifeRSl^-^lHrMtTMf:65lcasri:i5t:g0f'P'b*. 40 

CO 0 3 4] (Brno^^fe. ^-c®s!;tc[4»£ii-®sij 

zcomm-o^ 

i 5 TRA | f 3 l ® fe * l 4 iEfli!Cl (^( 11 ) ®«^) , 
*fcf40 (^ (15) ®«S) Ktta6*'A. -E-®#t) 

V tZ^-fimii^l'M&*-ij.tLXy>yMZ&^. IP 

i;®4)7tjf4«F-(:4c®<**^#it&n. mm 

SB > T R A '>XT7Art®®»OH i ic^fe#-r S in 
■■£nx£3/-K (Slii^S'Bm) «:tL-CH-S. iBHizb 
XM^ZPXztf -i-iSM«0fiviA«J3:W*®«t>fc*. 50 



14 

*-C*®fc4i5®gffiSSA¥'rn«, *2t:Wic;l4£lT® 
<t5CLTTRA£Mff-r5C:iA5i?l?-5> lp-%. 

i)->:/ii.®M 1 Rum2mmmtmm-*}->-fj\^(Dm i s 

^m±oa:,^Wl.-yXzn^<Dit<Diti:W.ii\ *fc(4# 
S8i)->:/)t^0|SfE!»l^±OJt&llXKll^SfHSH±0H:& 
®[^r;:n60Jt0tt:&®t5i:iKj:-3'r. miRnm 

[0 0 3 1] Fi(i{C®fflfc{4*^Kt-5t)®i:ffi«T^i 
i : tcj : oT . FS :^ aira ^; i : ieiST * s . mmom 

it«36-t«A. SISLfcA. BS:t):D®«icSilV>TC 
;r®ci&*S»-!4>:/;yOT2-Ti CisviTffl 
)£tfc(i (C' ) S'6MU5K. ro%. 

(1 3) 

(14) 

(1 6 ) 

t.ft\mm^tLxmtii. 

[0 0 3 5] A(iBlX^^^S■r■5TRA^i^4'F^L'« (ffiffl-f 
:&i:fcft#L.Tl ^fc(40) iZ^mhts.<,m\H^hi. 
ARSMa«iflia«^W0#»tt. 
i. ai^x-^®i£!>ii5*S:i4ii:a®«i4fHisn5 
. zzo&iiiitntumy 4 

#ai4Sffi»f-«HCiSiPi«S 
( “ vi ^ V ” ) ®2 75 S 3 ffif ®^ S «* i ® sn , i ) cVJ-ec 
0bSV>ffi(4'f>'Oi[O±Tic;t93e$n«. t>Ufg«ii2 
ffiisr»ii?®9 5%/(!i2o0utw«®ra 
irA5Ctti*-5. «l&!!!J3tS.n«. a«Ji»®9 9 
%*^®#FiicA^>. i:n60«H® it3KAe.*v>TR 
Affl))j*na. '^n^4»#^*L.T^^5'fe®i#;l6n 

[0 0 3 6] AS6S*®il*tt(42i3®SIS))>6.(i6-& 
®ic. hnim^'Mmzm^^itmt 
«a, t>rMzrn^tim.i:f)-hm^^!Kmmmx$>it^ 
m2\Z. TRA<l^fflV^T*-5B 
»^m^sitrcnm£<Dmmmt. '>rs.< ttmz>-o^<z> 

m+mz^^V'>i>^X$,i. ASS«a^®^ltjSttf4. L 
tV'«$gA-BTRAB«li®«iC*|:tM-r5. 1 £-pT 
-«wfci4, izmiztiLxm^<Dm^\&^mntirc.ib 
Kf4. Si^fi-iZ-mTimmM (C0^57iC:45V'Tt4 
m^^ms.nmzMVxcHi^ximmMO^-i-^^yyl'y 

i. ffi*®A*$ (Silit®^-?!*^*) aim.mz%*l- 
T, A®T*5xA'-f X&lKoTARI*tfiiRL-fcO. 

a nfc % ® \zmnximm&m l # 1.511 ^ c > 

4 . ^- n 6 ««#«««' 6 ^ a ®# e *-« fflT «. 
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[0 0 3 7] 

T R * L 

cro-fe 

mmt bxmi:^t<i3x$>?>. 

[0 0 3 8] 10 

h(Dx\ttiV\ m-ou^ mmt=L 

=.y fcmz:^\>>xmm 

bfiimmmmmi m^Mzzti^ 

7l"f^m^bX^>fS:^^. Z<om^. iE#l^;!i»S^cSS 

F = C' -DX (A+t) / (B + e) 
L/jiLcnfeffiffi-rsttfc. 5fe-rts^^»Ai-5^» 
!rt>H-t#AJ:5. ffiS®iia[ii«T®:f«^14 (3 
T) it. 'f (M'»it±^00 
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*XS?>, W'U a-y hJh-CflgT^c^triS^ttae® 

T^sattv^ffl£«S!;-r-5' t;o<-ess. ljO'L. 
®SieSi«?tt»i:Ot£5]'«^a-C*0, 

AfiS^ih&i!iBir«e* e>b»6 

5g?0®W»^S;'?-i?3>Stt1&-r(4?a:V3“e^5 5. ± 
T®i^5Ef^3^)«»^®«^®J:5f;:, IE»Sf4«fflBl«6?a:x 
-^-wafciEitM-rs. 

[0 0 3 9] ^^SSTRAB^rtKMI^^'fofce.Tg 

ac-sv^Tra-rs. mmstummr^mfz, s^tr 

AS®®«35' ^«^fc«s®*£««-r 5 C tTit-Ct 

5. 

(1 6 ) 

>SJO. 0 5° C) 7yX)!^^&(omzisHti^M^ztizm 

seimiix StrS-a-fi 



3T=Tr +Tse (1 7) 

T»S. ★±®aSTBiax CSiJ^f'5t)®i;5^ASCt!6tT«^. 

[0 0 4 0] TseSS«1-5&sS)!C. ^P8 (t) (r) ®S3»t L-TSS^^ftM 

^^jkrmt^mxmzsmn. stmizia-^* 

Ts (r, t) =Te3i X (l-e**-t/r) (18) 



Ts ®3T«^e& rSt/ 1 ®]»&tPF»lltt-C*««. 

Tse=Ts (T + 3t. t + 3t)-Ts (z. t) (19) 

Tse=Tjiai X (e** (+t/t) 

-ef*- (t + 3t) / (r + 3r) } (2 0) 

HtTRAS®A. B. C' SaCD®«-«««»K ☆©aBfiSTa ®3FfllS^(t®BSi!ci: LT^Te: t)5ir# 
K, T1 Sfc(iT2 ®Wn;S'i7C®MfflS«Ta t®^ 5. 

TJbS. fig's T ms ®#«»®IEiife®S«^iijH4tt [0 0 4 11 

2lHli®aj^fiSTB (T1 Sfci4T2 ®fsrn;S') tx-A- 

3A=3B=3C' =3D=3Tm +3Ta (2 1) 



bi>b. 

3Te =3Ta =Tr +Tse (2 2) 

3A=3B = 3C' =3D=2XTr +2xTse (2 3) 



t>. mmmtaMO) 

lEmommi. o t± 3 aAt0¥i^’S:±x0mmm<D 
±miz^b< bx, jE^5i^miS(^m&tsztxs 
s. m»X5fxzmbxnxii, ztnt¥^6^iz. 

3F=3C' +3DX (A±3A + 

flb. e^tt. Dm&&Atzti>J:5izSm 

snTv>5, ssm&mmx 

«-5-e*^5. a A, aB&Ltefltt. A»a 

A fty B > > a B 17 * 5 ® ««t- -5 H <h *{-e« -5. fif 

aF = 3C' +3D + A/B 



f^. 

[0 0 4 2] ;;®cti!)'S, n-^sn&ii*®^®*# 

B. 

£) / (B±3B+e) (24) 

-5 T«»$nfc ASSMSBi* (»i*ua^&4 u* 
MM±fjiiams±-rimmmm±izm<) iHoi^miz 
iH LT 2 i3®-ftffc*ff 5 A t*iT * « , 

[0 0 4 3] 
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( 10 ) 
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= 2+ (2XA/B) X (Tr +Tse) (25) 

\zW&th. W:Wm 

5F=5C' +5DX (3A+6) / (3B+£> (2 6) 

icMT'5. L!6ibS/MP^£»5A=5BSffl5,mtf, 
aP=3C' +3D=4x (Tr +Tse) (27) 

Tfc-5. UA'L, S/P»Tr »Tsei-rn{i. S (2 7) « 
ap = 4xTr (28) 



[0 0 4 4] TRABfltftCD^Wtt, Tr SOTseS® 

/Ptr-S J: t citj C 

Tr a, TRAii»®ifi^-fe)ko««-. -ensrogsift 
(¥)^) 

HSIicTsea, ;?-i'3>i'l81K®««Sia«JC«WL'. 
4* 5 >^[3WS:^ff pf«!5:® )3 fi < -rs C t fcJ; o T 
Tse®S:*iS. OSttL- 
T^g(«Sitt® 9 5 S J: 5 fc-r 

na. tst/ r®jams*/pfcT?««::i:iiwar 
*,•5. siotiiiia:H«®»sM«swsnt-cj5‘e.4i)-a}- 
•!)— ^i79A®®iit-tia. +»s:i|ig**5#snsii: 

[0 0 4 6] 01 75$a 6 

a. MIKRON (IE»®®) 6T6 2-y—^H^-i)- 

L. -®ii«a< ® 

ip > t; 7 x-xRt; 

fc .tt) Tl.i j; iy^s-es-^). 

[0 0 4 6] s«±a®ow-t€.nfim«iii!S&^ift-r 
5«^raa, 

-fX. S75:a ‘‘9"7X"’ ±#:r$^fe) ®it«ft*ax?x 
-^'«A^-r5fcs6CD3|iv 

gISfcSnfcSBi 

®a«:ffiS(t:-r-&0T?MS U Vi 5. 

[0 0 4 7] ai0sin0T«. mmi ur^viTST) 

©-ifesern', BPB3 

-Doimwm^, #,ii)-7X)wci»UT®ffsn*. fsi 

®t*4. «BS*a^LVidiS&aiS^iiCfiViffili2 

■t)->7')P<£ifc«sWli3S 

»l®±#a«K*a5, *fcttl|l®*!|it (WAKi)- 
>P^J’ktC^l®S0tt^S3«4S1i-'5lSl0«E) iCfS 
)^Vi-e. *1! 

®!C)4J; 0 3iViiiJ*®#jiii4>7')WC0lJuLTM 3 H« 
(p#a*fc45a5S2 0Bi6) s-A^-rs. ^T77’;^ 
It^ 1 05S!!«J: 0 5-10 

Br i:«»»75i-3f=. 2-7®aX:5«aB0»tt 
^ difst. *«W 



2 70f(®WMe«)(!5^bVitSt 

ncmmz'^LxmmmnmtLu<x\tu^m^, 
mmi 114. ^m<DMs,n<r>mmzmmitt‘nftmm.m 
D->X‘)l^§WL.TViaV'®D. 4>*<2:t)IS2®#iSD- 
>7'JHCM t T» 0 ®r c 5. 

[0 0 4 8] g;® 1 2 fC43ViT. TR AS^BMaStO 

ns ® T-^' ®®#fcMb-n44sS'^fca:«' n x$>w 
\zMbxmmtli:. g;»12t4, 

7 e ± #®aE+)— ^ 7 7 i ;6i S S 1 ises B 

20 U ±#fi«D— ^i^9 7;5i6SB2*la®DSf^^f 
S. spsi 3C45ViTf4. 

izmmxxmi i&misi 2(z^L&¥mAmoM 

sn^. aps 

1 4 ic^TJ: 5 sns. a 2 

t^T 4:31c. aitl 5iC:feViTa'<r0^®Mn!6ilt5 
(Z^-:>Xlt»mmfftrLi>. l»»(43£^^|gT*47)i 
S. H105C® “B” t "C” f43?mt-SCt;!tt’e« 
4 7®^ia»®^2®i#i®^-r®x-3';S)cM-r«. 
a®l 5®SJtf4+)->7')P[*3®S>5^K-^-r?.. TR 
3D AiDiD—=B^9y-f{zm&mtlfZ S*X?36 

sct*tffi?BsnrviS>5i6. ^mi sK^svir. ba 
aS6<«»T|g(e(Lfc “#,«i47X’;i-” ®J±WB«M; 
tt-r2.Ti!C4;c.T. “«±” «iSESmfT-C« 

jt«50iig**r#u<S7j:oTVina. ^nassift 

[0 0 4 9] mmnummmizsMtstiimteiTo 
moxi>i>. 

40 a. 

b. (it>7'lPg#:®«ffi&#tr) )*5^£Vi.r 

i. 

c. »SSCS^)t(k3*«fcs&®2gm-:^xy Pad;.5i!):^r 

#a«:ff3Ti:. 

OZb. 

[0 0 5 0] e. 

ft Sff 3 1 * ic*«K»©s»*«^®aT S AfePftfi 

50 »a*S^#T*4::i. cntt»7xy NC4;4* 
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CO 0 5 1] g. ^y-f}V(jmwLmvfti\,^iio\z, ^ 
S ti5 X .y Vu^9 i' ii»69ic 

h. SH*&H01»?>®:^#VJ?ft'>7hgiK»T* 

i. t&f^m&RUMi&9tm(Dny7ryimmbxmmm 

[0 0 5 2] ]. 

■tilt. 

\i, (®-3%o®) 

it > 5x\tti<, mkhu (tna?s; 

CO 0 5 3] 0 2tC*Ti:5fC. ;®«I® (*:$:) SC«* 

0ttmmtmz5‘-i?mizAiim&ti?>zt\zmB^ 

-y->l/Jl^i:K«it>:/;l/i:®W®(igo® 1 ®i£SJt* 
li, a®i 5oim^^m-'^mn\z'^oxm^n 
S. #-<0«-&, S€.?5:«K»«:^$-C&0. UflSl 6 
®#)itt««snT. mk^yzfMi^^m^yzfMz-i- 
itfrSdCbTVi-S^'S^MrBIt-^fJ^&a^irff 5 i 

&rt>^ztm»tizb\zi:-DX. a»i7$g» 

W!c®ffs-tts::t*STS5. 

-tc 

CO 0 5 4] hbStmi 5imnvrc.mzmmv<m^ 
b^Jl/®S®S5;!ii#eTna, W6feL]iSlSn2.^^P® 
miom^y^ii' ( “3-> 
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[57] ABSTRACT 

A method and apparatus for indicating defects in manu- 
factured products employs, instead of the conventional 
thermal image subtraction, “thermal ratio analysis”, 
which involves ratios of thermal data and their analysis 
including statistical analysis. Various techniques for 
“image” enhancement and for suppression of known 
artifacts are employed to facilitate the decision as to 
when a defect is detected. The thermal ratio analysis 
technique is particularly useful for detecting hidden 
defects in electronic circuitry, such as integrated cir- 
cuits. 
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PRODUCT DEFECT DETECTION USING 
THERMAL RATIO ANALYSIS 

FIELD OF THE INVENTION 5 

The present invention relates to product defect detec- 
tion using thermal analysis. 

BACKGROUND OF THE INVENTION 
The early discovery of hidden defects in parts and 
products is of increasing concern to manufacturers as 
they strive to obtain superior product quality. Particu- 
larly, there is a need for the early discovery of defects 
which could remain latent, or undiscovered, for an 
indeterminate time. ** 

Thermography, or thermal analysis, has attracted 
considerable recent attention as one way of discovering 
such defects. All objects “glow” from thermal radiation 
with an intensity and “color” which is dependent upon 
the temperature. At room temperature this “color” is 
within a range known as infrared and cannot be seen 
with the unaided eye. At extreme temperatures an ob- 
ject will glow visibly as in the case of iron heated in a 
fire. This property can be used to measure the tempera- 
ture of a surface without need for any kind of contact. 25 
Any of several types of equipment can convert this 
temperature information into a black and white or color 
image that represents the temperatures within the scene. 
Such equipment can be called a “thermal imager” and 
can be used to study non-visible properties of electronic 30 
assemblies in the hope of locating defective devices. 

It has long been known that patterns of heating ef- 
fects (e.g., patterns of the infrared glow) in a product 
may be affected by a latent defect; but the heating effect 
may not be readily detectable for some types of defects. 35 
Particularly in bipolar semiconductor circuits, prior 
thermal analysis (“thermography”) techniques have 
been only marginally effective in locating defects, ex- 
cept in certain limited situations. 

Frequently, the analysis techniques employed with 40 
such equipment involve elevating the temperature of 
the object for at least one of several images. Then im- 
ages obtained under different conditions are compared 
in an attempt to remove everything from the image 
which is normal and leave only the image features that 45 
relate to the defect. In the case of semiconductor cir- 
cuits or components, the different conditions can be the 
normal powered state and normal non-powered state. 

One of these prior analysis techniques is known as 
image subtraction. Generally, in this technique an im- 50 
age, comprising a regular array of values representing 
infrared radiation, is obtained from a reference sample, 
which is a high-quality sample of the product, and is 
subsequently subtracted from a similar image obtained 
from a test sample, which is a sample, of unknown qual- 55 
ity, of the product. The purpose is to remove features 
from the difference image which are known to be nor- 
mal, so as to increase the likelihood thaf any residue in 
the difference image is indicative of a defect in the prod- 
uct. Available thermal analysis techniques use image 60 
subtraction in one form or another. For example, see the 
description in the article by C. G. Masi, “Finding Board 
Fiulrs With Thermal Imaging", TEST AND MEA- 
SLREMENT WORLD, March., Iflf i^. 100, 111, 112. 

; r.e ige subtraction techniqi* in this article, as de- 63 
■ct beu m connection with a circuit b<»rd, starts with 
ht board in t known thermal state (e.g., the entire 
it 22* C,), Tn« tea operators then apply a given 



power source to the board and monitor changes in the 
thermogram as the board heats up to operating tempcra- 

The basic phenomenon employed in image subtrac- 
tion thermography for such products is black-body 
radiation from ohmic heating of current-carrying traces 
and components, as explained in the article by C. G. 
Masi, “What Can Thermal Imaging Do For You?” 
TEST AND MEASUREMENT WORLD, May, 1988. It 
is also known, however, that image subtraction thermo- 
graphy can be applied to non-current-carrying prod- 
ucts, to the extent such products can be subjected to 
controlled thermal changes. 

The monitoring of thermal changes by image subtrac- 
tion is based on the premise that the thermal changes for 
a non-defective product should be different from the 
thermal changes for a defective product. Thus, if the 
thermogram for a known non-defective product (sam- 
ple) is subtracted from the thermogram for a product ( 
or sample) being tested, the differences, if any, arc 
hoped to be indicative of a defect. Conversely, if a 
hidden defect does exist in a sample, it is hoped that it 
will produce a thermogram which is different from the 
thermogram of the non-defective sample. The greatest 
successes in the prior art techniques have been for prod- 
ucts which produce relatively little heat. However, 
products such as transistor-transistor-logic circuits 
which produce much heat have yielded marginal suc- 
cess in diagnostic testing using prior art techniques. The 
problem appears to be that the variability of heating 
among non-defective (normal) samples can be much 
larger than the effect upon heating produced by a sam- 
ple having a subtle defect. This tendency makes such 
defect difficult, if not impossible, to detect by previ- 
ously known image subtraction techniques. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to overcome 
the limitations of image subtraction thermography. It is' 
desirable to provide a method and apparatus to empha- 
size those thermographic differences between a refer- 
ence sample and a test sample which are likely to be 
indicative of a defect, relative to differences which are 
not likely to be related to a defect. 

Additional objects and advantages of the invention 
will be set forth in part in the description which follows 
and in part will be obvious from the description, or may 
be learned by practice of the invention. The objects and 
advantages of the invention may be realized and ob- 
tained by means of the instrumentalities and combina- 
tions particularly pointed out in the appended claims. 

The invention is based upon the recognition that 
more defect-sensitive analysis can be achieved by ob- 
taining a ratio of variables related to thermographic 
responses to two differing non-equilibrium thermal 
stimuli, applied first to a previously tested product 
("reference sample"), known to be good, and then ap- 
plied subsequendy to a test sample of the same product. 
The term “thermal stimulus” or “thermal stimuli” as 
used herein refers to any stimulus, not necessarily ther- 
mal in origin, which when applied to a sample of a 
product, ultimately has an effect of chang-rg :he ’em- 
peraiure thereof. A stable base level, or equilibrium, 
thermogram for each sample also is involved in deter- 
mining the variables. 

Four difference records relating to the reference 
sample and the test sample are generated, and therefrom 
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at least one ratio record is derived. A composite record 
is formed from the ratio record and the unused differ- 
ence records; and a defect indication is generated when 
the composite record yields a statistically significant 
deviation from an expected value. 5 

The statistical basis for such defect detection will be 
discussed in detail later. 

The technique of this invention has been termed 
Thermal Ratio Analysis (TRA), The invention resides 
both in a method and in test equipment for obtaining at 10 
least one pattern of thermal ratios from a plurality of 
thermal difference records obtained from a reference 
sample and from a test sample, and for forming a com- 
posite record including at least one pattern of thermal 
ratios. Since these samples are like samples of the same 15 
part or product, they will be termed a “reference sam- 
ple” and a “test sample”. 

According to a principal feature of the invention, a 
method of detecting a defect in a test sample of a manu- 
factured device is provided which comprises the steps 20 
of: establishing a reference record for at least one refer- 
ence sample of the device, comprising the sub-steps of: 

(1) making a base thermal record of the reference 
sample at a base value of a thermal stimulus; 

(2) making a plurality of changed value thermal re- 25 
cords of the reference sample at a plurality of respective 
changed values, compared to the base value, of the 
thermal stimulus, including applying a respective 
changed'Value thermal stimulus to the sample; and 

(3) making a first -difference record from the base- 30 
value thermal records and one of the plurality of 
changed value thermal records and a second difference 
record involving at least another of the plurality of 
changed-value thermal records, the first and second 
difference records each comprising a plurality of data 35 
points in an image-related array; 

generating a test record for the test sample by repeat- 
ing sub-steps (l)-(3) with the test sample replacing the 
reference sample; 

deriving at least one ratio record from the four differ- 
ence records consisting of the first and second differ- 
ence records for the test sample and the first and second 
difference records for the reference sample; 

forming a composite record including at least the 
derived one ratio record; and 

generating a defect indication when the composite 
record yields a statistically significant deviation from an 
expected value. 

In the preferred embodiment, the thermal stimuli 
which are changed in the steps of producing first and 
second thermographs are voltages of first and second 
magnitudes that are applied to the samples in such a 
way as to produce heating therein; and the base-level 
thermograph is an ambient-temperature thermograph. 

One embodiment is immediately applicable to elec- 
tronic components on a populated circuit board and can 
be extended by use of masking and filtering techniques, 
sometimes called image ephancement techniques, and 
by use of robotic scanning control, to integrated semi- 
conductive circuits, in particular, packaged ones, 
mounted on ceramic substrates or printed circuit 
boards. 

In another embodiment of the invention, the thermal 
stimuli are •-okages which are changed in duratioii 
rafhir than magnitude. This embodiment is advanta- - 
amoRg other reasons, if electronic compjnents 
:-r c-.'CU!tf j sLch as s'-miconductor components or cir- 
.-aitry its to be tested under conditions more realistic m 
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related to an intended mode of operation in a computer 
or a timing program control. In fact, it is certainly rea- 
sonable to consider doing some carefully-timed opera- 
tional testing simultaneously with the thermal ratio 
analysis. 

The principles of the invention extend to all products 
that can be thermographically tested. For non-current- 
carrying products, microwave radiation can be consid- 
ered as one likely stimulus to be employed. In such 
manner, these products or, more specificdly, test sam- 
ples of these products, can be tested by methods and 
equipment within the scope of the appended claims. 

The accompanying drawings, which are incorpo- 
rated in and constitute a part of this specification, illus- 
trate one preferred embodiment of the invention and, 
together with the description, serve to explain the prin- 
ciples of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1-5 are flow diagrams illustrating steps of the 
method of the invention; 

FIG. 6 is a diagram of a test set-up for practicing the 
method of the invention; and 

FIG. 7 is a bar graph showing temperature relation- 
ships for comparable points for a reference sample and 
a test sample. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

An example of the preferred method is shown in the 
flow diagrams of FIGS. 1-5. 

The method of the invention overcomes the limita- 
tions of image subtraction techniques by compensating 
for the expected thermal variations among like samples 
of a given product. The invention works on the premise 
that the ratio of heating of like samples under different 
thermal stimuli should be a constant. If a functional 
defect or other abnormality is present in a sample, it is 
expected to cause the thermal response for at least one 
of the thermal stimuli to deviate from the expected 
value; and this expectation has been borne out in prac- 
tice. This alters the ratio of heating observed for that 
sample at a particular data point in an image-related 
array of data points and thus indicates that data point as 
the locus of either an actual defect, a defect-related 
symptom, or a latent defect. For purposes of this appli- 
cation, a defect is any deviation from acceptable quality 
or properties of a product. 

Normal thermal variations cancel when ratios of two 
arrays of image differences are derived for measure- 
ments from the same sample or from the reference sam- 
ple and the test sample. To complete the technique, the 
measurements are formed into a composite record in- 
cluding two other arrays of image differences, for cor- 
responding data points in each array, for the reference 
sample and the test sample. Illustratively, to form a 
composite set of measurements, a different ratio record 
can be derived, and then the ratio of the ratio records 
can be taken as a means of discerning correct from 
incorrect temperature profiles. In general, a defect is 
indicated when an anomalous region or datum appears 
in the composite record. 

At present two types of stimuli have been Ider.tified 
as being useM with TRA in accordance with the pres- 
ent inventioa. The first and simplest is to vary t.he volt- 
age applied to power the sample • typically using the 
ma.ximttin and minimnin voltages soeafied for the sam- 
ple. The sample can be a stand-alone sample or pi-,; ' nf 
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a larger functional group. It can be tested in a totally 
static test, or in a full simulation of its expected opera- 
tion, if timing constraints of the thermal ratio analysis 
are compatible therewith. Static testing does, however, 
eliminate the possible interaction of a simulation and 5 
heating effects, that is, operation altered by software 
taking non-normal decision-loop branches during the 
simulation due to the defect. The simulation type of test 
purposely depends upon the heating effects introduced 
by two software routines or clocked verses non-clocked 
operation ~ in fact, this type of test simply can be de- 
signed to simulate operation of the sample and even to 
simulate the effect of the more unusual durational 
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What is left is an image highlighting only those pixels 
(data points in the resulting array) for which the refer- 
ence sample and the test sample exhibit substantial dif- 
ferences in their “non-linear” characteristics. 

A mathematical derivation of the principles just de- 
scribed concerning the use of a dual-level voltage stimu- 
lus for thermal ratio analysis, in accordance with the 
invention, follows; 

The temperature rise AT above the ambient of a sam- 
ple is equivalent to the power dissipation (Pd) multi- 
plied by a constant (Cp) related to the packaging and 
heat-sinking of the sample. 



stresses of signals upon the sample, by primarily affect- 
ing the duration of each stimulus instead of its magni- 15 
tude. 

The thermal variation observed between different 
non-defective samples of a product is largely due to 
manufacturing and design tolerance within the samples 
themselves. For electronic circuitry, this variation has 20 
both a linear and non-linear ohmic component with 
respect to the applied voltage and is also subject to any 
dynamic stimulation applied. The amount of tempera- 
ture rise above ambient is related linearly to the power 
dissipated multiplied by some constant, in the case of an 25 
integrated circuit, due to the packaging thereof. This 
packaging can vary from circuit to circuit but is not a 
function of any external stimuli. Thus, the temperature 
rise expected to be observed is, internally, a function of 
the packaging and the linear and non-linear resistances 30 
and, externally, a function of the applied voltage and 
dynamic stimulation (i.e., software). 

Defects can manifest themselves as modifications of 
the internal resistive structures of an electronic sample 
and are difficult to discern from normal variations using 35 
standard image subtraction. It is not understood from 
prior art thermography techniques that taking the ratio 
between two temperature rises will produce a charac- 
teristic thermal signature of a product, or a point in a 
product. Defects also have a strong tendency to be 40 
functions of the external variables which differ from 
those functions exhibited by their normal counterparts. 

For example, the non-linear resistances of normal sam- 
ples of a product usually have the same non-linear rela- 
tionship and differ only by a linear constant. If a sample 45 
is stimulated by applying power at two different volt- 
ages, and the subsequent steps of our invention are em- 
ployed, the two measured temperatures at any corre- 
sponding data points will be related by two terms: (1) 
the non-linear resistance expressed as a function of the 50 
ratio of the applied voltages (the ratio raised to the 
power a, where a does not equal 0), and (2) the square 
of the ratios of the two voltages. All the linear relation- 
ships which are equally shaped will drop out. . 

Thus the ratio of temperature rise above ambient for 55 
two different voltage levels should be a constant from 
sample to sample of the same product. Even the thermal 
constant of the package drops out of the calculation 
except in cases of extreme changes in packaging. It is 
therefore possible to measure a reference sample and a 60 
test sample of the same product and substantially to 
cir.ee! cr eliminate the expected variation, by following 
-'is -'er' icp'-cpra'ely including at least one ratio, 
ica <ilustrat;vely. steps including taking a ratio of ra- 
'•, 0 %. %'hen i.his is done, as it will mathematically 63 - 
,hown helcw then al! of certain terms in the expression 
,r *-h« .alues of the iirage-related data points, even the 
e-m related to the square of the voltages, drop out. 



\T= TXEynmii„,=^CpxP<HEi. 

where T(E) is the elevated temperature produced by 
applied voltage E. 

Since: P=ExI(E) (1) 

nr==cpxExm a) 

Since: 

/(£3-E/R(£) (3) 

ar=C/>x£VR(£) (4) 

But resistance can be replaced by its reciprocal G, 
conductance; 

6.T=CpxE^xa.E) (5) 

Conductance can be modeled as a function of E with 
linear and non-linear terms . . . 

«£)=^XE“ (6) 

L.T=CpxE^X$xEP, (7) 

the relationship being non-linear to a degree dependent 
upon the degree to which a deviates from zero. If im- 
ages are taken at two voltage levels and the temperature 
difference ratio, T2:i taken between them, then . . . 

Tj., -(Ar2/Ari)-(Q>x£2^X/Sx £2“)/(C- 
i>x£|2x/3x£|“) (8) 



£2^ £2“ W 

7i., 

At this point, many of the unwanted terms have already 
cancelled out. 

Assume a reference sample is imaged and has a tem- 
perature ratio of T^and a test sample has a ratio of T«. 
Taking the ratio of the ratios yields. . . 

ra2:f _£L(a a ) 

Thus the resultant image is a function only of the 
applied voltages and the difference in the non-linear 
component of the internal resistances. That is, detect- 
able differencai exist at the array of data points when 
-aa does not eqial which in general will be true 
when the a’s do not equal 0. If the non-linear resistances 
are equal, then the result goes to unity. Thus, trus ca- 
become a sensitive measure of non-linear defects, be- 
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cause the small, but readily variable, non-linear term is 
not swamped by larger linear variations, which have 
cancelled out. 

It is also possible to hold the voltage constant and to 
vary the dynamic stimuli, usually by changing the soft- ^ 
ware or by turning a clock on or off. The mechanism 
used here is that the heat generated by a defect will 
depend upon how the duration of a thermal stimulus is 
changed as well as upon its magnitude. 

The general temperature relationships for any TRA, 
regardless of stimulus, can be seen in the diagram in 
FIG. 7. 

The temperatures measured in response to the two 
stimuli are T1 and T2. The original ambient tempera- ,5 components. This 

ture IS Ta. , . . , , ^ useful embodiment of the invention. 

In the case of two non-defective samples of the same 
product, the ratio of temperatures due to the two stimuli 
should be equal between the reference sample and the 



F = C-C=C-Dxf- 

Equation (15) is just one of many approximate alge- 
10 braic transformations of equation (11). 

In fact, as equation (15) suggests, in this algebraic 
transformation of equation (1 1), TRA can be considered 
to be a particular type of image subtraction which has 
been normalized to compensate for predictable varia- 
‘ particularly 



Looked at another way, this approximate form of 
TRA requires, in its simplest form, that only one ratio 
be taken, the ratio being taken for comparable differ- 



sample, within the limits of noise and measurement 20 records from the reference sample on the 



r. From the mathematical development above and 
by reference to FIG. 7, we have: 

These are obtained directly by measuring Ta, Tl, and 
T2 for both samples and performing the appropriate 
subtractions. (For example, D=T2-T1 for the reference 
sample). 

In the case of a defective sample, the original temper- 
ature components (A,'B, C and D) can be considered to 
be identical to the scenario relating to non-defective 
samples. However, they are not directly measurable due 
to the temperature component added by the defect (F) 
« FIG. 7. As shown, the defect temperature compo- 



hand, and the test sample on the other hand, providing 
one is willing to accomplish the multiplication and ulti- 
mate or “normalized” difference taking, involving the 
other difference records. 

The preceding analysis demonstrates the simplicity of 
TRA, showing why it provides an image in which many 
otherwise expectable artifacts are removed because of 
the use of ratios. 

From equations (10) and (Jl) it is established that a 
^ ratio of ratios calculated from the measured thermal 
values should equal one (1) in cases where no defect 
exists. If desired, it is also possible to present the thermal 
ratio relationship in an alternate form by means of any 
jj applicable algebraic transformation. Equation (15) is an 
example of a transformation that affects the thermal 
information such that values corresponding to no defect 
tend toward zero (0) instead of one. This form also has 
the advantage that calculated values will be symmetri- 



either side of the no defect level. 

In either case, there is some natural variation, or 
scatter, in all measurements that will follow statistical 
laws. For this reason the results of a TRA calculation 
will never exactly go to one for equation (1 1) [or zero 
45 for equation (15)]. Instead there will be random distribu- 
tion of data values, or scatter, which will be centered 
around the central value. This distribution will be 
strongly center weighted and will have some character- 
spread (i.e., standard deviation) that is dependent 



nent F could show up as a function of either or both 40 
thermal stimuli. 

Without carrying the analysis further, one can then 
arrange thermal ratio analysis to involve the use of three 
ratios, first, following either of the alternative forms of 
equation (12) to obtain two of the ratios, and then taking 
a ratio of ratios for each data point as suggested by 
equation (11). 

In practical terms, once one has the four difference 

records generated as described above, TRA can be ^n environmental factors and the quality of the compo- 
carned out fundamentally by the following: deriving ^ ^ Presented as an image, this 

first and second ratio records from the fim and second non-uniform- 

difference records for the reference sample and the first otherwise uniform background, 

and second difference records for the test sample, either associated with defects will tend to 

by taking the ratio of the first difference records ana the approach the central value (one or zero, depending 

ratio for the second difference records in the same or- jljg equation used). The method for the detection of 

der, after which one takes the ratio of the ratios, or by defect-related thermal information is a simple statistical 
taking the ratio for the difference records for the refer- ^ value for the spread, or scatter, of the measure- 

ence sample and the ratio for the difference records for ment data is calculate (standard deviation is a good 

the test sample in the same order, after which one takes gQ measure). This spread may encompass the entire test 
the ratio of the ratios. field, or only a local area of it. A threshold is set based 

An estimate of F can be made by assuming that F upon a multiple of this spread value. Common statistical 

only modifies the value of C. (Other approximating practice usually picks a multiple between two and three 

c^n a'sc be made to like effect). By rear- times the standard deviation (“sigma”). This threshold 

*-g '.g *he equation above, an estimate of what C ga is then set above and below the central value. If a multi- 
should be, based on the measured values of A, B and D, pie of two t$ used, then 95% of the normal noise should 

can be made. Tnis is then subtracted from the value (C') fall between the two thresholds. If the multiple is three, 

metsured for T2-TI for the test sample. then 99% of the normal noise should fall between the 
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limits. Any TRA value that falls beyond one of these 
ranges represents a possible indication of a fault. 

The certainty of the defect indication can be biased 
by two considerations. First, values that far exceed the 
thresholds usually can be considered to be stronger 5 
defect indications than form an image, most real compo- 
nents are large enough that at least several distinctive 
adjacent thermal ratio analysis values will correspond 
to a given component. The uncertainty of the defect 
indication is inversely proportional to the number of 10 
related TRA image values that exceed the thresholds. 
Thus, a general principle is that the more image points 
that correspond to a component, where these image 
points have substantial contrast with respect to the 
general background, the lower the threshold can be to j5 
maintain a given certainty for the defect. For any given 
size of component (in terms of number of image values) 
it is possible to set a dynamic test threshold that main- 
tains a fixed probability of falsely indicating a good 
device or not detecting a defective device. These are jq 
standard statistical methods for detecting desired fea- 
tures in the presence of noise. 

The emphasis on defect detection up to this point has 
been in regard t the preferred embodiment of the inven- 
tion in which the TRA data values comprise an image, 

In that case, the formal statistical approach to defect 
detection presented above can often be abandoned in 
favor of a more intuitive approach based on visual in- 
spection of the image. Simply stated, defects will app^r 
as points or regions which stand out by virtue of a sig- 
nificant (or greater than average) contrast in displayed ^ 
intensity (or color) from the rest of the image. 

The invention however is not restricted to imaging 
applications alone. An embodiment of the invention is 
possible in which discrete temperature measurements 
are made only at single points, usually corresponding to 
individual components on a unit. Obviously such mea- 
surements are not spatially related to each other and do 
not form an image array of data values. In this case the 
formal statistical analysis is required to discern defect- 
related thermal values from normal ones. However, ^ 
much less data is available to establish a reference 
threshold because the non-component areas of the unit 
are not available for examination. The statistical method 
described above is still valid, however, due to the fact 
that in a real manufacturing environment most compo- 
nents will indeed be good (non-defective) and the data 
values of the good components correspondingly will 
reflect this. Thus the data values of the good compo- 
nents will provide sufficient statistical information to 
enable the detection of defective component(s). The 5° 
ability to detect thermally subtle defects will not be as 
accurate as the imaging version of this invention due to 
the smaller amount of information available for process- 
ing. As in all cases of statistical testing, accuracy is 
directly related to the amount of data available. 55 

ERROR FACTORS 

Some explanation needs to be given to the factors that 
contribute to the introduction of error into the TRA 
image. The amount of quantization error prior to any 60 
image pre-processing can be estimated from the form of 
the approximate TRA formula'; 




Before this can be used however, the variables that 
introduce error should first be considered. The uncer- 
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tainty (aT) in any temperature measurement T is equiv- 
alent to the minimum temperature resolution of the 
imager Tr (usually -(-/— 0.05 degree C.), plus any un- 
certainty due to taking the image prior to thermal stabi- 
lization. This will be called the temperature stabilization 
error, Tsc, so that: 

iT=Tr+Tst 07) 

To estimate Tse, the temperature stabilization func- 
tion must be modeled. This can be considered to 
roughly approximate an exponential which has an asso- 
ciated time-constant , and that ultimately reaches some 
upper temperature limit, Tmax. Expressed as a function 
of the time (t) and the time-constant (t), the temperature 
stabilization function is: 

rj(T,f)-rmo*xo-«-'''n (18) 

To express the uncertainty of Ts in terms of the val- 
ues and uncertainty of t, and t, we can use: 

r«=rj<T+jr,/+a/)-rj(T,/) 09) 

Tu= (20) 

In connection with the TRA formula, each of the 
terms A, B, C, and D is actually the difference between 
either T1 or T2 and the original ambient temperature 
Ta. Therefore, the net cumulative uncertainty for each 
of these terms can be expressed as a function of the 
uncertainties of the second measured temperature Tm 
(Either T1 or T2) and the original ambient temperature 
Ta: 

lA = }B=iC = tD=3Tm+dra (21) 

However, 

iTm^dra~Tr+Tsi (22) 

Therefore, 

3A = iB=iC=iD=^2xTr+lxTse (23) 

This is due to the fact that error terms always add, 
even when the normal (non-error) terms are subtracted. 
The net effect of adding error terms is to approximate a 
normal distribution function, with an average of zero 
and +/—3or points equal to +/— the sum of all the 
error terms. In terms of imaging, this produces an image 
where, on average, the features are preserved but the 
speckle content is exaggerated. 

From this, the uncertainty of the calculated image 
approximately can be expressed as; 

3F^-3C.30x i^^ (74) 

wherein the signs are chosen such that they maximize 
the dD term. For all practical purposes, the uncertainty 
of e, can probably be ignored. In fact, the 3 A. dB and e, 

terms can be ignored as long as A> > aA and B> > 3B. 
Two generalizations on the error in the derived defect- 
related image that deKiibes those areas of the image 
where significant heating occurs versus those 
where little heating occurs can therefore be made. 
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Where the heating is significant, the error term ap- 
proaches: 

A 

aF = iC + aP + 5 

. 2 + X (n + m 

Where the heating is minimal, the error term ap- 
proaches: 10 

aF = aC + al> X 

But with minimal heating £>>aA=3B, so a good 15 
approximation is 

aF=aC+aD=4x(rf+7ie) (27) 

But, then again, with minimal heating Tr>>Tse, so 20 
this reduces to: 

aF-4xr? (28) 

It should be obvious that noise in the TRA image can 
be reduced by minimizing Tr and Tse. Tr can be re- 
duced significantly by interpolating (averaging) the 
values of the pixels of the TRA image with their nearest 
neighbors. This lessens the effect of quantizing the im- 
age. Likewise, Tse can be minimized by properly con- 
trolling the accuracy of the timing interval and making ^ 
the timing interval as long as feasibly possible. From the 
formula for Tse, it can be seen that the effect of at and 
ir, can be minimized by making t> 3 t which allows the 
temperature to achieve greater than 95% of its steady 
state value. It was found that recording a thermogram 
four minutes after a step function thermal stimulus was 
first applied produced adequate results. 

The flow diagram of the method of the invention 
shown in FIGS. 1-5 has been developed using commer- 
cially available thermal imagers such as the MIK- ^ 
RON (J) 6T62 Thermo Tracer. Such imagers rely upon 
an electro-mechanical scanning system to route re- 
ceived infrared radiation to a fixed discrete infrared 
sensor and it produces a raster image of thermal data 
which can be viewed by a standard video monitor or by 
means of a computer interface and monitor. 

For testing integrated circuits mounted on boards, 
the technique could be modified to us a robotically 
controlled sensor to obtain data only at component 
(e.g., resistor, active device, or even an entire “chip”) 50 
locations. This latter feature is desirable because it sim- 
plifies defect recognition data processing when used as 
an automated system. 

In the flow diagram of FIG. 1, three two-dimensional 
arrays or image-like matrices of data points, that is, 55 
three thermal images, are acquired for a reference sam- 
ple, in step 11. The first image is for the reference sam- 
ple at stable ambient temperature. 

It has been found that blowing compressed air at or 
just below ambient temperature over the sample will 60 
allow it to stabilize at ambient temperature relatively 
quickly. The second image is for the reference sample at 
a first elevated temperature, or in response to a first 
r.r.u.BS, v,hich is, for example, a first voltage prodac- 
■-f * first amount of heating in the sample. A second, 65 
typically more intense, stimulit* is then applied to the 
reference sample to obtain a third image (which is the 
;.ecoKi3 .mage at eievated temperature). It has been 
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found that a stimulus producing 5-10% more heating of 
the sample than the first stimulus is suitable. For each of 
the two different step-function stimuli, it was found that 
equal application times (e.g., for four minutes) produced 
substantially complete heating and was advantageous. 
Regardless of whether the two stimuli application times 
are equal, the application times for like-value stimuli 
must be the same as between the test and reference 
sample. Step 11 can be repeated for at least a second 
reference sample, unless one has some highly standard- 
ized previously tested samples of known good quality. 

In step 12, the initial analysis steps characteristic of 
TRA are performed upon the sets of reference data, for 
each reference sample, the acquisition of which data 
was Just described. Step 12 makes a first difference 
record B from the ambient temperature thermograph 
and one of the elevated temperature thermographs, and 
a second difference record D from the eievated temper- 
ature thermographs. In step 13, procedures as in steps 
11 and 12 are repeated for the test sample replacing the 
reference sample. Before any ratios are taken, prelimi- 
nary image processing steps are performed as indicated 
in step 14, if desired, as discussed below. As shown in 
FIG. 2, ratio analysis is then performed as shown in step 
15, according to any one of the alternate formulas. In 
the first formula, "B” and "C” can be interchanged 
because division is commutative. Each ratio of step IS 
for all the data points in each of two of the four differ- 
ence records corresponds to a point in the sample. Since 
the TRA has proved to be a superior “normalizing” 
technique for thermography, it is feasible to do a quick 
“sanity” check in step 15, for example, by comparing 
ratio images for supposedly very similar “reference 
samples”. Any markedly dissimilar results of the com- 
parison will point to a failure to follow the propier test- 
ing technique, or failure to have obtained suitable refer- 
ence test units. 

Proper testing technique may require the following: 

No air drafts except perhaps controlled air flow to 
maintain ambient temperature. 

No heat sources near by (including the sample's own 
power supply). 

Blow off with air jet to stabilize thermally, handling. 

Pre-test staging location should TRA fixture to pro- 
vide natural thermal equalization to actual test ambient 
conditions. This reduces the stabilization time achieved 
by means of the air jet. 

Tape critical reflective points (being careful to pre- 
vent electrostatic defect generation upon later removal 
of the tape). It should be remembered the technique 
depends upon infrared radiation from the sample, and 
reflections are not desired. It is not required to so treat 
component leads. 

Edge connectors typically used with semiconductor 
circuits should be thermally maintained at ambient to 
counteract warming from sample. 

Avoid areas that experience large thermal shifts from 
air conditioning or sun-lit windows. 

Block reflections from surrounding surfaces and bod- 
ies using baffles of low thermal mass and high emiss’v- 
ity. 

Seek viewing angle that prevents the tmager or detec- 
tor from seeing itself in reflections from module. (This 
goal implies longer viewing distance and a smai! tih of 
the sample relative to the sensor). 
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In some instances, would-be reference samples 
thought to be normal or non-defective are found not to 
be, and must be replaced. 

Notice that the first formula, the fundamental for- 
mula, involves two ratios derived from the difference 
records in an ordered way, as may be seen by reference 
to FIG. 12, which ratio records are then further respec- 
tively subjected to the taking of ratios, point by point 
The composite record then at each point comprises a 
ratio of ratios. 

The first direct indication of deviation between the 
reference sample and the test sample can be obtained 
from the composite record of step 15, according to step 
17. In many cases no further testing is necessary; and the 
procedures of step 16 may be skipped. An immediate 
decision can be made as to whether the test sample is 
sufficiently similar to the reference sample. In fact, step 
17 can be performed automatically, by testing whether 
the composite record is featureless in respect of having 
no variations from the background which exceed a 20 
statistical limit such as a multiple of the standard devia- 
tion. The indication is then that there is no defect. 

If an undesirable level of ambiguity persists after step 
15 is performed, i.e., if a suspected defect produces 
differences from an image for the reference sample 25 
which do not exceed a first predetermined level (“three- 
sigma” level), but are still above a second, lower, prede- 
termined level (“sigma” level), various image enhance- 
ment techniques can be employed, particularly with 
respect to the thermal ratio image for the test sample. In 30 
such techniques, the thermal ratio data is organized in 
the same two-dimensional way as in the original ther- 
mograph and, for example, can be viewed on the com- 
puter monitor. These are the optional post-ratio-anal- 
ysis image processing steps shown in step 16. 

For example, in step 16, or as shown in FIG. 4, op- 
tional noise filtering is done. If the results are insuffi- 
cient to reduce the level of ambiguity to make a decision 
possible, step 20 then removes by masking techniques 
any known non-defect-type artifacts found in either of 40 
both of the reference sample and the test sample. This a 
is specific example of techniques which are known in 
astronomy and reconnaissance photography as image 
enhancement techniques. 

For further examples of possibly relevant enhance- 45 
raent techniques, see Digital Image Processing, by R. 
Gonzalez et al., Addison-Wesley (1987), pp. 162-163 
(median filtering, pertaining to noise filtering); pp. 
158-160 (local enhancement, pertaining to mask genera- 
tion from original image data). As duly enhanced, the 50 
thermal ratio images are re-compared in step 17; and a 
decision is made as to the test sample, e.g., whether the 
first predetermined level or amount (“three-sigma” 
level) is exceeded at any point. The test apparatus and 
technique are ready to be applied to the next test sam- 55 
pies, e.g., those coming down an assembly line for serai- 
conductive integrated circuits, as indicated generally at 
step 18. 

FIG. 3 shows the detailed steps in a portion of the 
procedure of FIGS. 1 and 2, as applied to a current-con- 60 
suming product, and illustrates specific implementation 
of seme of the points of good testing practice listed 
.-.e c - e. Of oar’icu-ar note m the detailed steps of FIG. 3, 
are partially repetitive of those of FIGS. 1 and 2 
IS -hat the first and second etevatwl-teniperature ther- 65 
- i'iphs can be produced, m the case of the typical 
-;ectron!C cemponeni. by the application of voltages, 

-.^e to normal operating voltages, which can used 
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for operating performance tests. For example, the suc- 
cessive thermal stimuli might be provided by 95% of 
normal operating voltage and 105% of normal operat- 
ing voltage, as illustrated by steps 34, 36, 38 and 440 
5 This versatility of the method is greatly facilitated by its 
wide dynamic range, which also signifies that these are 
not critical values of stimuli. 

FIG. 4 consists of diagrams that deal with certain 
aspects of image enhancement, particularly noise filter- 
10 ing. Steps 50-52 relate to a relative smoothing between 
adjacent pixels of each thermal ratio image and for the 
resulting comparative image that will tend to filter 
speckle noise. 

FIG. 5 shows yet another aspect of image enhance- 
15 ment that can be performed, per steps 61-63, with one 
or more of the original elevated temperature thermo- 
graphs and is useful for generating one or more mask 
images for spatial filtering. 

FIG. 6 shows the interrelationships among the items 
of equipment used in TRA. 

The thermogram data-gatherer 91 is configured to 
hold a sample 96 from which infrared data is to be ac- 
quired. The data is acquired by the infrared sensor 97, 
that has typically a single, fixed discrete sensing ele- 
ment, which effectively samples or scans the exposed 
portion of sample 96 via an interposed scanning appara- 
tus in sensor 97. In the preferred embodiment, the infra- 
red sensor 97 is a thermo-tracer, for example, a MIK- 
RON 6T62 thermo-tracer. 

Alternatively, sensor 97 could be a semiconductor 
chargecoupled-device camera, thereby avoiding the 
electro-mechanical scanner of the MIKRON 6T62 ther- 
mo-tracer. The sequencing of image-type data points is 
then obtained purely electronically, for example, as is 
35 typically provided for such a camera. 

The thermal ratio logic and storage unit 92 is basi- 
cally a central processing unit which in addition to 
performing the calculations indicated above, coordi- 
nates the functioning of the image enhancement means 
93, the decision circuit 94, as well as the timing through 
duration control and size, through peak control 98, of 
thermal stimuli applied from stimulus source 95 to sam- 
ple 96, and the scanning of the sensor 97. Thus, the logic 
and storage means 92 obtains the various difference 
records, as well as the reference sample ratio image and 
the test sample ratio image. Image enhancement means 
93 can use any of the above-described filtering, smooth- 
ing and other image enhancement techniques, as well as 
any of those known in the prior art. Indeed, again as 
described above, as well as performing in the position 
shown, image enhancement can act directly on thermo- 
graphs before entering logic and storage unit 92, as well 
as on difference records obtained therein. Thus, the 
arrangement of FIG. 6 is merely illustrative. 

Decision circuit 94 accepts or rejects test samples as 
having no defect or a defect of sufficient magnitude 
based upon the statistical analysis of the composite re- 
cord, which for example, may show one more pixels 
deviating from the surrounding background by one or 
more standard deviations. 

It should be understood that TRA is more broadly 
applicable to products than just semiconductor circuits 
or even electronic assemblies. All manufacrjred proa- 

ucti (non-living) can be caused to experience controlled 
temperature excarsions. While use on an assembly line 
may be a preferred use, it cm also be used at any time in 
the life of a product, provided data, even archived data, 
from a reference sample of the product is available. 
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Additional advantages and modifications will readily elevated temperature thermal records include allowing 

occur to those skilled in the art. Therefore, the inven- some temperature stabilization after an elevated temper- 

tion in its broader aspects is not limited to the speciflc ature is reached. 

details, representative devices, and illustrative examples 8. The method of detecting a defect according to 
shown and described. Accordingly, departures may be 5 claim 4 , in which the sub-step of stabilizing a sample at 
made from such details without departing from the ambient temperature comprises rapidly flowing gas 

spirit or scope of the general inventive concept as de- from a compressed gas source around it at an effective 

fined by the appended claims and their equivalents. temperature substantially equal to ambient temperature. 

What is claimed is: 9. A method of detecting a defect in a test sample of 

1. A method of detecting defects in a test sample of a 10 a product, comprising the steps of; 

product, comprising the steps of: . establishing a reference record for at least one refer- 

generating a reference record for at least one refer- ence sample of the product that does not have 

ence sample of the product that does not have defects, comprising the sub-steps of; 

defects, comprising the sub-steps of: (1) making a base thermal record of the reference 

(1) making an ambient-temperature thermal record of 15 sample at a base value of a thermal stimulus; 

the reference sample at ambient temperature; (2) making a plurality of changed value thermal re- 

(2) making a plurality of elevated temperature ther- cords of the reference sample at a plurality of re- 

mal records of the reference sample at a plurality of spective changed values of the thermal stimulus, 

respective elevated temperatures, including apply- including applying a respective changed-value 

ing a respective thermal stimulus to the reference 20 thermal stimulus to the reference sample; and 

sample, and (3) making a first difference record for the reference 

(3) making a first difference record for the reference sample from the base-value thermal record and one 

sample from the ambient-temperature thermal re- of the plurality of elevated value thermal records 

' cords and one of the plurality of elevated tempera- and a second difference record for the reference 

ture thermal records and at least a second differ- 25 sample involving at least another of the plurality of 

ence record for the reference sample involving at elevated value thermal records; 

least another of the plurality of elevated tempera- generating first and second difference records for the 
ture thermal records, test sample by repeating sub-steps (l)-(3) with test 

generating first and at least second difference records sample replacing the reference sample; 

for the test sample by repeating sub-steps (l)-(3) 30 deriving at least one ratio record from the four differ- 
with the test sample replacing the reference sam- ence records consisting of the first and second 

pie; difference records for the reference sample and the 

deriving at least one ratio record from the difference first and second difference records for the test 

records for the reference sample and the test sam- sample; 

pie; 35 generating a defect indication when the composite 

forming a composite record including at least the ratio record yields a statistically significant devia- 

derived one ratio record; and tion from an expected value, 

generating a defect indication when the composite 10. The method of detecting a defect according to 

record yields a statistical significant deviation from claim 9, in which the sub-step of making a plurality of 

an expected value. 40 changed value thermal records include employing com-' 

2. The method of detecting a defect according to puterized control of the value of the stimulus. 

claim 1, in which the sub-steps of making a plurality of 11. The method of detecting a defect according to 

elevated temperature thermal records include employ- claim 9, in which the sub-step of making a plurality of 

ing computerized control of the temperature. changed value thermal records include allowing some 

3. The method of detecting a defect according to 45 stabilization period after the stimulus is first applied, 

claim 1, in which the sub-steps of making a plurality of 12. The method of detecting a defect according to 
elevated temperature thermal records include allowing claim 9, in which the sub-step of making a base thermal 

the passage of a fixed interval of time while each stimu- record comprises stabilizing the sample by rapidly flow- 

lus is applied. ing gas from a compressed gas source around the sam- 

4 . The method of detecting a defect according to 50 pie at an effective temperature substantially equal to 

claim 1, in which the sub-step of making an ambient- ambient temperature. 

temperature thermal record comprises stabilizing the 13. A method of detecting a defect in a test sample of 
thermal state of the sample by rapidly flowing gas from a product, comprising the steps of: 
a compressed gas source around the sample at an effec- establishing a reference record for at least one refer- 
tive temperature substantially equal to ambient temper- 55 ence sample of the product that does not have 
ature. defects, comprising the sub-steps of: 

5. The method of detecting a defect according to (1) making an ambient-temperature thermal record of 

claim 1, in which the sub-step of applying a respective the reference sample at ambient temperature, 

thermal stimulus to the sample comprises employing the (2) making a plurality of elevated temperature ther- 
stimulus for a respective period of time different from a 60 mal records of the reference sample at a plurality of 
period of time for another respective thermal stimulus. respective voltages applied to the sample to pro- 

6 . The method of detecting a defect according to duce heating therein, including applying a respec- 

claim 5, in which the sub-steps of making a plurality of live voltage to the reference sa-mple; 

elevated temperature thermal records include employ- (3) making a fust difference record frem the ambient- 
ing computerized control of each respective {»riod of 65 temperature thermal records and one of the plural- 
time. ity of elevated temperature thermal records md t 

7. The method of detecting a defect according to second difference record involving at least another 

claim S, in which the sub-steps of making a plurality of of the plurality of elevated temperature; 
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generating a test record for the test sample by repeat- ing a respective thermal stimulus to the reference 

ing sub-steps (l)-(3) with the test sample replacing sample, and 

the reference sample; (3) making a first difference record for the reference 

(4) deriving at least one ratio record from the four sample from the ambient-temperature thermograph 

difference records consisting of the first and second 5 and one of the plurality of elevated temperature 

difference records for the test sample and the first thermographs and a second difference record for 

and second difference records for the reference the reference sample involving at least another of 

sample; the plurality of elevated temperature thermo- 

forming a composite record including the at least one graphs, the first and second difference records each 

ratio record; and comprising a plurality of image-type data points in 

generating a defect indication when the composite an image-related array, 

record yields a statistically significant deviation generating first and second difference records for the 
from an expected value. test sample by repeating sub-steps (l)-(3) with the 

14. The method of detecting a defect according to test sample replacing the reference sample; 

claim 13, in which the sub-steps of making a plurality of deriving at least one second ratio record from the 

elevated temperature thermal records include employ- four difference records consisting of the first and 

ing computerized control of the voltage. second difference records for the reference sample 

15. The method of detecting a defect according to and the first and second difference records for the 

claim 13, in which the sub-steps of making a plurality of test sample, the ratio record including data points 

elevated temperature thermal records include allowing corresponding to respective data points in at least 

a period temperature stabilization after a respective one of the difference records; 

voltage is first applied. generating a, defect indication when the composite 

16. The method of detecting a defect according to record has at least one discrete region of substan- 

claim 13, in which the sub-step of making an ambient- tially greater than average contrast with respect to 

temperature thermal record comprises stabilizing the ^ surrounding regions. 

sample at ambient temperature by rapidly flowing gas 22. The method of detecting a defect according to 

from a compressed gas source around it at an effective claim 21 , in which the sub-steps of making a plurality of 

temperature substantially equal to ambient temperature. elevated temperature thermographs include employing 

17. A system for thermally detecting a defect in a test computerized control of the thermal stimulus, 

sample of a product, comprising 23. The method of detecting a defect according to 

means for recording infrared data of a reference sam- claim 21 , in which the sub-steps of making a plurality of 

pie that does not have defects at ambient and ele- elevated temperature thermographs include allowing 

vated temperatures and for recording infrared data the passage of a fixed interval of time while each stimu- 

of the test sample at ambient and elevated tempera- yj lus is applied. 

tures; 24. The method of detecting a defect according to 

means for forming a reference sample difference re- claim 21 , in which the sub-step of making an ambient- 
cord from the infrared data of the reference sample temperature thermograph comprises stabilizing the 
at the ambient and elevated temperatures, and for thermal state of the sample by rapidly flowing gas from 

forming a test sample difference record from the ^ a compressed gas source around the sample at an effec- 
infrared data of the test sample at the ambient and tive temperature substantially equal to ambient temper- 

elevated temperatures; ature. 

means for deriving at least one ratio from two of four 25. The method of detecting a defect according to 

difference records comprising said reference sam- claim 21 , in which the sub-step of applying a respective 

pie and test sample difference records; 45 thermal stimulus to the sample comprises employing the 

means for converting the ratio into a composite re- stimulus for a respective period of time difference from 
cord involving all the difference records; and a period of time for another respective thermal stimulus, 

means for generating a defect indication when the 26. The method of detecting a defect according to 

composite record yields a statistically significant claim 25, in which the sub-steps of making a plurality of 

deviation from an expected value. 50 elevated temperature thermographs include employing 

18. The system of claim 17, further comprising means computerized control of each respective period of time, 

for enhancing the ratio record to remove potentially 27. The method of detecting a defect according to 

false defect indications. claim 25, in which the sub-steps of making a plurality of 

19. The system of claim 18 further comprising means . elevated temperature thermographs include allowing 
for removing speckle noise from the ratio record. 55 some temperature stabilization after an elevated temper- 

20. The system of claim 19 further comprising means ature is reached. 

for preprocessing the thermal records, or the difference 28. The method of detecting a defect according to 

records, prior to deriving the ratio record. claim 24, in which the sub-step of stabilizing a sample at 

21. A method of detecting defects in a test sample of ambient temperature comprises rapidly flowing gas 

a product, comprising the steps of: 60 from a compressed gas source around it at an effective 

generating a reference record for at least one refer- temperature substantially equal to ambient temperature, 
ence sample of the product that does not have 29. A method of detecting a defect in a test sample of 
defects, comprising the sub-steps of; a product, comprising the steps of: 

(!) ffiaking in ambient-temperature thermograph of establishing a reference record for at least one refer- 
fhe reference sample at ambient temperature; 65 ence sample of the prodijct that does not have 
(2) making * plaraiity of elevated t«n|Kr*ture ther- defects, comprising the sub-steps of: 

mographs of the reference sample at a plurality of (1) making » bie thermograph of the reference sam- 
reipective elevated temperatures, including apply- pk at a base value of a thermal stimulus; 
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(2) making a plurality of changed value thermographs generating a test record for the test sample by repeat- 

of the reference sample at a plurality of respective ing sub-steps (l)-(3) with the test sample replacing 

changed values of the thermal stimulus, including the reference samiile; 



applying a respective changed-value thermal stim- 
ulus to the reference sample; and $ 

(3) making a first difference record for the reference 
sample from the base-value thermograph and one 
of the plurality of elevated value thermographs and 
a second difference record for the reference sample 
involving at least another of the plurality of ele- ^0 
vated value thermographs, the first and second 
difference records each comprising a plurality of 
image-type data points in an image-related array; 

generating first and second difference records for the 
test sample by repeating sub-steps (l)-(3) with the ** 
test sample replacing the reference sample; 

deriving at least one ratio record from the four differ- 
ence records consisting of the first and second 
difference records for the reference sample and the 
first and second difference records for the test ■ ° 
sample, the ratio record including data points cor- 
responding to the respective data points in at least 
one of the difference records; 

forming a composite record including at least the one 
derived ratio record; and 

generating a defect indication when the composite 
record has at least one discrete region of substan- 
tially greater than average contrast with respect to 
surrounding regions. 

30. 'rae method of detecting a defect according to 
claim 29, in which the sub-step of making a plurality of 
changed value thermographs include employing com- 
puterized control of the value of the stimulus. 

31. The method of detecting a defect according to 35 
claim 29, in which the sub-step of making a plurality of 
changed value thermographs include allowing some 
stabilization period after the stimulus is first applied. 

32. The method of detecting a defect according to 
claim 29, in which the sub-step of making a base ther- 40 
mograph comprises stabilizing the sample by rapidly 
flowing gas from a compressed gas source around the 
sample at an effective temperature not exceeding ambi- 
ent temperature. 

33. A method of detecting a defect in a test sample of 45 
a product, comprising the steps of: 

establishing a reference record for at least one refer- 
ence sample of the product that does not have 
defects, comprising the sub-steps of: 

(1) making an ambient-temperature thermograph of 50 
the reference sample at ambient temperature, 

(2) making a plurality of elevated temperature ther- 
mographs of the reference sample at a plurality of 
respective voltages applied to the sample to pro- 
duce heating therein, including applying a respec- S5 
live voltage to the reference sample; 

(3) making a first difference record from the ambient- 
temperature thermographs and one of the plurality 
of elevated temperature thermographs and a sec- 
ond difference record involving at least another of 60 
the plurality of elevated temperature thermo- 
graphs, the first and second difference records each 
comprising a plurality of image-type data points in 

an image-related array; 



(4) deriving at least one ratio record from the four 
difference records consisting of the firet and second 
difference records for the test sample and the first 
and second difference records for the reference 
sample, the ratio record including data points cor- 
responding to respective data points in at least one 
of the difference records; 

forming a composite record including the at least one 
ratio record; and 

generating a defect indication when the composite 
record has at least one discrete region of substan- 
tially greater than average contrast with respect to 
surrounding regions. 

34. The method of detecting a defect according to 
claim 33, in which the sub-steps of making a plurality of 
elevated temperature thermographs include employing 
computerized control of the voltage. 

35. The method of detecting a defect according to 
claim 33, in which the sub-steps of making a plurality of 
elevated temperature thermographs include allowing a 
period temperature stabilization after a respective volt- 
age is first applied. 

36. The method of detecting a defect according to 
claim 33, in which the sub-step of making an ambient- 
temperature thermograph comprises stabilizing the 
sample at ambient temperature by rapidly flowing gas 
from a compressed gas source around it at an effective 
temperature not exceeding ambient temperature. 

37. A system for thermally detecting a defect in a test 
sample of a product, comprising 

means for forming infrared images of a reference 
sample that does not have defects at ambient and 
elevated temperatures and for forming infrared 
images of the test sample at ambient and elevated 
temperatures, each of the images comprising a 
plurality of image data points; 

means for forming reference sample difference re- 
cords from the images of the reference sample at 
the ambient and elevated temperatures, and for 
forming test sample difference records from the 
images of the test sample at the ambient and ele- 
vated temperatures; 

means for forming at least one ratio record from two 
of four difference records comprising said refer- 
ence sample difference records and test sample 
difference records; 

means for converting the ratio record into a compos- 
ite record involving all the difference records; and 

means for generating a defect indication when the 
composite record has at least one discrete region of 
substantially greater than average contrast with 
respect to surrounding regions. 

38. The system of claim 37, further comprising means 
for enhancing the ratio record to remove potentially 
false defect indications. 

39. The system of claim 38 further comprising means 
for removing speckle noise from the ratio record. 

40. The system of claim 38 further comprising means 
for preprocessing the thermographs, or the difference 
records, prior to deriving the ratio record. 



